Transport properties of the resistive state of quasi-two dimensional superconducting heterostructures containing ultrathin La 2Àx Sr x CuO 4 layers synthesized using molecular beam epitaxy are studied. The electron transport exhibits strong deviation from Ohm's law, dV $ cI 3 , with a coefficient cðTÞ that correlates with the temperature variation of the resistivity dq=dT. Close to the normal state, analysis of the nonlinear behavior in terms of electron heating yields an electron-phonon thermal conductance per unit area g eÀph % 1 W/K cm 2 at T ¼ 20 K, one-two orders of magnitude smaller than in typical superconductors. This makes superconducting LaSrCuO heterostructures to be attractive candidate for the next generation of hot electron bolometers with greatly improved sensitivity. Superconducting hot electron bolometers (HEB), proposed in the early 1980s, 1 combine high sensitivity with manageable operating time. 2 With strong temperature dependence of resistance and low intrinsic noise, superconducting HEBs are currently the most sensitive THz detectors 3, 4 and mixers above 1 THz. 5 Recent achievements in the synthesis of low dimensional superconducting structures with low carrier concentration provide new exiting possibilities to improve performance of HEBs.
Superconducting detectors may be used in the classical mode to measure the power of electromagnetic radiation and in the quantum mode to measure the energy of single photons or to count single quanta. 6, 7 In the classical mode, the limiting sensitivity of HEBs expressed in terms of the noise equivalent power is given by the expression NEP ¼ ð2k B T 2 e G e Þ 1=2 , where T e is the electron temperature, G e ¼ C e V=s is the electron thermal conductance, C e is the electron specific heat capacity, V is the volume of the sensor, and s is the electron cooling time. The electron cooling occurs due to electron-phonon relaxation and/or due to out-diffusion of hot electrons to contacts. 2 Thus the cooling time may be controlled in the interval from the electronphonon relaxation time, s eÀph ðTÞ, to the diffusion time, s dif , which is proportional to the square of the sensor length. In the quantum mode, the energy resolution of a HEB is given by dE % ðk B T 2 e C e Þ 1=2 and directly improves due to small electron heat capacity. Materials with small value of C e will also benefit HEB mixers. With the decrease of C e the mixer responsivity, S, increases as C À1 e , the local oscillator power, P LO decreases as C e , and the conversion efficiency, g / S 2 P LO , increases as C
À1
e . Another important issue is the increase of the operating temperature of HEB devices. To avoid overheating of the phonon subsystem, nonequilibrium phonons emitted by hot electrons should escape from the sensor without reabsorption by electrons. 8 Currently, the most sensitive THz mixers are based on ultrathin NbN films with a transition temperature around 10 K, where phonon-electron scattering time s phÀe % 65 ps only slightly exceeds the phonon escape time s es % 40 ps. As a result, the operating time of NbN HEBs turns out to be $50 ps, which is substantially longer than the electron-phonon relaxation time, s eÀph % 10 ps, and at higher temperatures the operating rate does not increase with the temperature as expected from the heating model. 9, 10 In contrast, as in semiconductor heterostructures, in MBE grown superconducting heterostructures 2D electrons interact with bulk phonons, propagating with a negligible probability for backscattering and re-absorption by electrons. It provides effective phonon heat sink for the cooling of electrons at high temperatures.
Quasi-2D heterostructures that contain ultrathin La 2Àx Sr x CuO 4 (LSCO) layers grown by atomic-layer-bylayer MBE (ALL-MBE) 11, 12 are an attractive choice insofar that they fulfill all of the above conditions. The smallest electron heat capacity C e can be achieved in the atomically thin conducting layers. The transition temperature can be tuned from sub Kelvin temperatures to 50 K using appropriate doping profiles. The interfaces between LSCO layers with different dopings are highly transparent for phonons, since the layers differ only slightly in their atomic composition providing an ultrafast phonon escape.
In this work, we present investigations of a nonlinear response of LSCO-based heterostructures to a dc bias. Measurements were performed on three LSCO-based heterostructures (the samples S2, S3, and S3N) synthesized by ALL-MBE. The profile of Sr dopant was modulated as follows. The samples S3 and S3N contain 30 LSCO layers, each of which is 0.66 nm (one-half the unit-cell height, 1.32 nm) thick. The top ten and the bottom ten layers are made of La 1:59 Sr 0:41 CuO 4 (metal, M), which is strongly overdoped and metallic but not superconducting. The inner slab consists of ten layers of La 1:72 Sr 0:28 CuO 4 , which is a superconductor (S) with T c % 10 K (12 K) for sample S3 (S3N). The sample S2 has a similar M-S-M structure but the superconducting part contains only 3 layers of La 1:80 Sr 0:20 CuO 4 . While the nominal Sr doping level in the central S layer is lower in S2 than in S3 and S3N, the actual hole density is similar because of the charge accumulation in S and depletion in M near the two M-S interfaces, so here T c % 8 K. All samples show similar response. In this paper, we present data for samples S2 and S3.
The samples were lithographically patterned into the shape of Hall-bar devices with the width W ¼ 200 lm and the distance between the voltage contacts L ¼ 800 lm. The resistance was measured using the four-point probe method. A direct electric current (dc bias, I dc ) was applied simultaneously with a 12 Hz ac excitation (I ac ) using the same pair of current contacts, along the x-direction. The longitudinal ac and dc voltages, V ac xx and V dc xx , were measured between the potential contacts. The electric currents I ac and I dc were measured using a small resistor connected in series with the sample. To access a small nonlinear response observed in the normal state a modulation method is used. A 500 MHz RF radiation modulated at frequency 5 Hz was applied to the dc biased sample. The RF radiation was supplied through coaxial line terminated by a 50 X thin film resistor and coupled capacitively to the current leads of the Hall bar samples. Variations of the longitudinal voltage (due to the RF induced resistance variations) were detected by a lockin amplifier at the frequency of the modulation.
Samples and a calibrated thermometer were mounted on a cold copper finger in vacuum, inside a superconducting solenoid. Measurements were carried out at different temperatures in the range of 5-30 K. Magnetic fields were applied along the c-axis of LSCO, i.e., perpendicular to the CuO 2 layers. Figure 1 shows the temperature dependence of the linear response of the sample S2 with no dc bias applied at magnetic field of different magnitudes as labeled. At zero magnetic field, the drop of the sheet resistivity (resistance per square) q of sample S2 occurs within the temperature interval 3-5 K. In magnetic fields, the superconducting transition moves toward lower temperatures and the width of the transition increases. This can also be seen in the inset, where we show the temperature dependence of the sheet resistance derivative, dq=dT, which decreases with increasing magnetic field while its maximum shifts to lower temperatures. In contrast, the magnetic field has very little effect on the resistance of the sample in the normal state above the superconducting transition. Figure 2 demonstrates nonlinear VI characteristic of the sample S2. The dependence of the electric field E on the current density J dc , taken at temperature T ¼ 9.5 K in different magnetic fields, is shown in Figure 2 (a). The magnetic field increases the sample resistance and, consequently, the non-Ohmic deviations are reduced at larger magnetic fields. Figure 2(b) shows the dependence of the differential resistivity dq dif f ¼ q dif f ðJ dc Þ À q dif f ð0Þ with the square of the dc bias J dc at different temperatures. At small dc biases the resistivity scales with J 2 dc : dq dif f $ J 2 dc . The same behavior is found for all studied samples with the resistivity above few percent of the resistivity of the normal state.
Since at small electric currents, the variation of the differential resistivity is proportional to J 2 dc we introduce the corresponding coefficient c through the relation
where q 0 is the resistivity in the limit of zero electric current (the linear response). The relation (1) yields
dc , in agreement with our experimental data. The coefficient c describes the nonlinear response at small currents. In this paper we will focus on the analysis of this coefficient.
To extract c and q 0 from the V-I characteristics, we fit the latter using Eq. (1) with c and q 0 used as the fitting parameters. The fitting is performed at small currents, at which the relative variation of c with doubling of the current is less 5%-10%. The obtained coefficient c is found to be in accord with the one obtained from the analysis of the differential resistivity, q dif f ¼ 3cJ maxima shift to lower temperatures in stronger magnetic fields. Despite the apparent correlation, the maximum of c appears at a smaller temperature. Similar behavior is found in other samples. Figure 3 (b) presents the temperature dependence of the nonlinear response of sample S3. Below T ¼ 16 K the dependence is obtained using V-I curves whereas at T > 15 K the dependence is measured using the modulation method. Due to an uncertainty of the exact value of the RF electric field applied to the sample the modulation method yields a relative variation of the coefficient c with the temperature. The magnitude of the nonlinear response obtained by the modulation method is re-scaled to match the low temperature branch of the dependence obtained from the V-I curves. The experiments show that at temperatures above 18 K the coefficient c decreases weaker with the increasing temperature. The inset to Figure 3(b) shows a dependence of the resistivity of sample S3 on the temperature.
To understand the origin of the observed nonlinearity we apply the heating model to whole set of data obtained in our experiments. We found that near the normal state, at which the resistance is practically independent on the magnetic field, the obtained data are in a reasonable agreement with the homogeneous heating model. At lower resistance (and temperatures) a significant disagreement between the model and the experiment is found indicating the dominant contribution of a different nonlinear mechanism, which we associate with superconducting vortices. Below we present the comparison of the nonlinear response, measured near the normal state, with the heating model. The comparison yields the electron-phonon thermal conductance G eÀph of the studied heterostructures and the relaxation rate s À1 eÀph . In the heating model, the electric current warms up the electrons and increases the electron temperature. For small overheating, the increase in temperature is proportional to the power absorbed by electrons per unit area, P ¼ qJ 2 dc . In a stationary state, the increase of the electron temperature dT e is inversely proportional to the electron specific heat capacity C e and to the coupling of the electron system to the thermal bath (i.e., the phonons). If the coupling is controlled by the electron-phonon time s eÀph , dT e ¼ Pðs eÀph =C e VÞ ¼ qJ
where g ¼ C e d=s eÀph is the thermal conductance per unit area: g ¼ G eÀph =A, where A ¼ WL is the sample area and d is its thickness. As shown in Figure 1 , the sheet resistance increases as the temperature is raised. A small variation of the electron temperature induces a small variation of the resistance, which obeys the following relation:
where we have used that at small overheating dq=dT e % dq=dT. Equation (3) indicates that the variation of the sheet resistance is proportional to J Figure 4(a) . The extrapolation takes into account relatively smaller heat capacity of Sample S2 due to smaller number of atomic layers in this sample. Sample S2. different magnetic fields. The figure shows that near the normal state the thermal conductance depends weakly on the magnetic field and increases slowly with the temperature. The weak magnetic field dependence is in agreement with the electron heating model. The experiments are done in the regime when the electron mean free time s p is much shorter the cyclotron period 2p=x c : x c s p ( 1, where x c is cyclotron frequency. At this condition, the magnetic field does not change both the transport and the thermal properties of normal electrons.
Quantitative analysis of the data obtained for two samples indicates a temperature dependence of g T a with a ¼ 4:560:5. The heat capacity of degenerate holes is proportional to the temperature: C e $ T. Thus the obtained dependence indicates that the electron-phonon scattering time s eÀph ¼ C e d=g is inversely proportional to T 3:5 6 0:5 . Within the accuracy of the experiments the obtained T dependence is close to the one expected in the heating model: s eÀph $ 1=T 3 and associated with the interaction between electrons and phonons via the deformation potential (see Eq. (4) below). This temperature dependence is widely observed in normal metals at low temperatures. We note also that the obtained temperature dependence is in agreement with 1=T 3 dependence of a relaxation time obtained in pulse-probe measurements on similar films. 13 Dashed line in Figure 4 (a) presents the expected T 4 dependence. The T 4 line shown in Fig. 4(b) is an extrapolation of the T 4 dependence shown in Fig. 4(a) . The extrapolation takes into account the relatively smaller heat capacity of Sample S2 due to smaller number (23) of atomic layers in comparison with Sample S3 (30 atomic layers). The extrapolation indicates a mutual agreement between different samples and the T 4 dependence. The strong temperature and magnetic field dependencies of g found below T ¼ 18 K for Sample S3 and below T ¼ 12 K for Sample S2 indicate that the homogeneous heating model is not applicable in these regions, since small magnetic field should not affect the transport of strongly scattered normal electrons. At low temperature, the observed nonlinearity most likely originate from the vortices pair dissociation. 14 It is important to highlight that the data obtained cannot be understood in terms of the ordinary bolometric effect, where the cooling is realized via phonon escape and the corresponding thermal conductance is given by g ph ¼ bC ph u=4, where C ph % 1:5 Â 10 4 J/K cm 3 (T ¼ 20 K) is the specific phonon heat capacity, u is the sound velocity, and b is the phonon transparency of the film-substrate interface. With typical phonon transparencies of 5%, 19 the value of conductance is g ph % 100 W/K cm 2 , which is two orders in magnitude larger than the measured one. Thus, the bottleneck in the heat transfer from hot electrons to substrate phonons is determined by the electron-phonon interaction.
Let us evaluate the corresponding electron-phonon relaxation time, s eÀph . The carrier concentration in a Cu-O layer is $10 18 m À2 corresponding to the Sommerfeld constant of $10 À8 J/(K 2 m 2 ) per layer. 15, 16 For the sample S3 at T ¼ 20 K this leads to the electron heat capacity per unit area c e $ 6 Â 10 À6 J/(K m 2 ). As shown in Figure 4 (b), at T ¼ 20 K the thermal conductance g ¼ 9900 W/(K m 2 ) and, therefore, an estimation of the electron-phonon relaxation time as s eÀph ¼ c e =g yields s eÀph $ 600 ps, which is one-two orders in magnitude longer than that in NbN 9,10,17 and MgB 2 18 thin films with the superconducting transition 10-20 K.
We associate the long time s eÀph with the density dependence of the deformation potential, which provides the interaction between electrons and long wave thermal phonons. The electron-phonon relaxation rate is well-known 20, 21 1
where D is the deformation potential which is proportional to the Fermi energy, is the electron density of states at the Fermi level, p F is the Fermi momentum, u is the longitudinal sound velocity, and q d is the density. According to Eq. (4), the electron-phonon relaxation rate is proportional to the carrier density (both for 2D and 3D cases) and also depends on q d and . ). The strong dependence on the carrier density results in a much longer electron-phonon relaxation time in LSCO nanomaterials. This conclusion is in agreement with the results of pump-probe measurements of transient changes in the reflectivity of single-phase LSCO samples. 13 In these experiments, a relaxation time of 100 ps was observed at T ¼ 10-15 K, which is significantly longer than the s eÀph relaxation time in conventional superconductors (10 ps). Let us note that in optical pump-probe experiments the energy of excited electrons is much greater the thermal energy. In this case, the electron relaxation rate usually exceeds the relaxation rate of quasi-thermal electrons on thermal phonons-the dominant processes associated with Eq. (2).
Our findings point to a strong potential of MBE-grown superconducting cuprate nanostructures for various sensing applications based on electron heating. The superconducting nanostructures allow for the managing of electron cooling rate from relatively low values determined by the electronphonon relaxation rate, s À1 eÀph ðTÞ, to high values in short devices with out-diffusion electron cooling, s À1 dif ðTÞ. Therefore, LSCO heterostructures may be interesting for applications in sensitive detectors and wideband mixers. The sensitivity of direct detectors fabricated from the structures studied in this paper is expected to be
, where S is the sensor area in m 2 . Improvements in the mixer parameters related to the small electron heat capacity have been discussed before. The slow electron-phonon relaxation in LSCO heterostructures allows one to increase the operating temperature of these devices. In a HEB mixer with out-diffusion cooling and the corresponding bandwidth of B ¼ ð2ps dif Þ À1 , the operating temperature is limited by the condition that the electron-phonon relaxation time should be longer than the time of electron out-diffusion to contacts. Thus, the upper limit of the operating temperature of the mixer is obtained from the condition s eÀph ðTÞ ' s dif / L 2 , where the minimal length of the sensor L is determined by the quasiparticle thermalization length. For the same detector length, the electron diffusion cooling time in MBE grown LSCO structures is expected to be three or more times shorter than that in NbN and MgB detectors due to long electron mean free path, ' > 10 nm. Thus, the expected bandwidth should be at least three times larger than that in traditional materials.
In conclusion, the nonlinearities of V-I characteristics of LSCO heterostructures grown by ALL-MBE are studied at different temperatures and magnetic fields in the vicinity of the superconducting transition. At small electric currents, the nonlinearity is proportional to the third power of the bias current: V ¼ q 0 I þ cI 3 . Near the normal state experimental data agrees with the model that considers the dc bias induced electron heating as the dominant mechanism leading to the observed nonlinearity. Comparison with the heating model yields an electron-phonon thermal conductance that is onetwo orders of magnitude smaller than that in typical superconductors. Slow electron-phonon relaxation is explained by the dependence of the deformation potential on the carrier density. Obtained results indicate that slow electron-phonon relaxation as well as small electron heat capacity are general intrinsic properties of diluted superconducting materials with low electron densities. Our findings point to a strong potential of MBE-grown superconducting LSCO nanostructures in various sensing applications based on the electron heating.
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